METHODS. In this cross-sectional observational study, 186 eyes from 186 OAG patients were included. The participants underwent RTVue OCT for measurement of circumpapillary retinal nerve fiber layer (cpRNFL) thickness and macular ganglion cell complex (mGCC) thickness. The correlations between best-corrected visual acuity (BCVA) and optical coherence tomography (OCT) parameters were evaluated using Pearson's partial correlation test and regression analysis. Receiver operating characteristic (ROC) curve analysis was performed to obtain a cutoff value for OCT parameters in detecting decreased visual acuity (BCVA < 0.7).
G laucoma affects over 70 million people worldwide, 1, 2 and is the second most frequent cause of blindness. 1 The central visual acuity is very important for glaucoma patients to enjoy their daily lives. Therefore, preservation of the visual acuity is a main concern in glaucoma treatment.
The loss of retinal ganglion cells in glaucoma can be reflected structurally as a localized or diffuse thinning of the circumpapillary retinal nerve fiber layer (cpRNFL), and its measurement has been correlated with functional damage in the visual field (VF). A number of previous studies have reported significant correlations between VF sensitivity and cpRNFL thickness in glaucoma patients using optical coherence tomography (OCT), [3] [4] [5] [6] and scanning laser polarimetry (SLP). [6] [7] [8] [9] [10] [11] [12] The OCT is an important method of diagnosing glaucoma and determining the progression of glaucoma. 13, 14 The newer spectral domain-OCT (SD-OCT) provides much faster and more detailed structural information than previous time-domain (TD)-OCT, 15, 16 and has potentially improved its ability to diagnose and observe the progression of glaucoma. 17 The RTVue-100 OCT (Optovue, Inc., Fremont, CA, USA), which is one of the commercially available SD-OCTs, includes the macular ganglion cell complex (mGCC) scan mode that measures macular inner three retinal layer thickness. Previous studies have demonstrated that ganglion cell complex (GCC) thickness measurements were significantly lower in glaucomatous eyes than in healthy eyes, and the glaucoma discrimination ability was similar to that afforded by measurement of cpRNFL thickness. 5, [18] [19] [20] [21] [22] [23] Because GCC scan mode is centered around the fovea and covering the central macula, GCC analysis measured by SD-OCT was demonstrated to be correlated with macular VF sensitivity. [24] [25] [26] Although the structural and functional changes seen in glaucoma are related to the pathologic loss of retinal ganglion Copyright 2014 The Association for Research in Vision and Ophthalmology, Inc. www.iovs.org j ISSN: 1552-5783 cells (RGCs), the structure-function relationship is highly variable and imperfect. The complexity of the structurefunction relationship might arise from factors, such as variability accompanying structural and functional tests, measurement scale, [27] [28] [29] [30] spatial summation, [27] [28] 31, 32 the lack of precise colocalization between the structural and functional measures, and interindividual physiologic variations. It has become evident that a substantial number of RGCs may need to be lost before changes are detected with standard automated perimetry (SAP). This weak relationship between structure and function in glaucoma patients using SAP as a functional test has urged alternative forms of functional test. Since the ganglion cells subserving foveal visual acuity are displaced from the fovea in the central retina, the mGCC scan might give better colocalization with foveal visual acuity than central VFs. Furthermore, retinal nerve fiber layer (RNFL) thickness measured by commercially available OCT contains more than just nerve fibers, such as non-neural or glial tissues. We hypothesized that the mGCC scan, which contains more ganglion cells by proportion, might yield stronger structurefunction relationships than the cpRNFL scan.
In the present study, we assessed the relationship between various OCT parameters measured by RTVue SD-OCT and visual acuity in open-angle glaucoma (OAG) patients.
METHODS

Study Design
Participants were enrolled consecutively from the Glaucoma Clinic of Severance Hospital in Yonsei University College of Medicine from January 2010 to June 2010. The study was approved by our institutional review board and the Ethics Committee of Severance Hospital, and complied with the tenets of the Declaration of Helsinki. All patients provided written informed consent.
Patients were included if they were diagnosed with OAG, including primary OAG (POAG) and normal tension glaucoma (NTG), they had refractive errors (spherical equivalent) of < þ3.0 diopters (D) and > À6.00 (D), and had cylinder correction within 6 3.0 (D). Patients were excluded if they had any of the following during the follow-up: development of any ocular disease, especially vitreoretinal disease or macular abnormality other than glaucoma; other diseases affecting the VFs; prior history of ocular surgery (other than uncomplicated glaucoma and cataract surgery); and significant media opacity (cataract grade > N2 by lens opacities classification system [LOCS] classification). When data from both eyes were eligible for analysis, one eye from each patient was selected randomly for data analysis.
All subjects underwent Goldmann applanation tonometry, gonioscopy, and fundus examination with a þ90-D lens. Automated refraction, biometry measurement, and standard VF testing were performed. The best-corrected visual acuity (BCVA) was measured with a Snellen visual acuity chart and converted to the logMAR for the statistical analyses. All eyes underwent RTVue SD-OCT after pupillary dilation (minimum diameter, 5 mm). For each patient, all examinations were performed during a single day.
Standard VF testing was performed using automated static perimetry (Humphrey Field analyzer with Swedish Interactive Thresholding Algorithm (SITA) standard 24-2 test program; Carl Zeiss Meditec, Dublin, CA, USA). The VF was considered reliable when fixation losses were less than 20%, and falsepositive and false-negative errors were less than 15%. The perimeter software was used to calculate mean deviation (MD), pattern standard deviation (PSD), and VF index (VFI).
Glaucomatous eyes were defined as having glaucomatous VF defects as confirmed by at least two reliable VF examinations and presence of a compatible glaucomatous optic disc that showed increased cupping (a vertical cup-disc ratio of >0.7), a difference in vertical cup-disc ratio of >0.2 between eyes, diffuse or focal neural rim thinning, disc hemorrhage, or RNFL defects. A glaucomatous VF defect was defined as having three or more significant (P < 0.05) contiguous points with at least one at the P < 0.01 level on the same side of the horizontal meridian in the pattern deviation plot, classified as outside normal limits in the glaucoma hemifield test. 33 Glaucoma was categorized according to the modified Hodapp-Anderson-Parrish grading scale based on the MD of VF. 34, 35 Early glaucoma was defined as VF loss with an MD ‡ À6 dB, moderate glaucoma as an MD between À6 and À12 dB, and severe glaucoma as an MD worse than À12dB.
The cpRNFL and GCC thicknesses were measured using RTVue-100 SD-OCT (software version, 4.0.5.39), and both scan patterns of RTVue SD-OCT are shown in Figure 1 . 36 All scans were performed by one experienced operator.
The cpRNFL thickness was determined by optical nerve head (ONH) mode, in which data along a 3.4-mm diameter circle around the optic disc were recalculated with a map created from en face imaging using six circular and 12 linear data inputs. Mean, superior, and inferior RNFL thicknesses Figure 2A . 36 The GCC parameters were obtained by the macular map (MM7) protocols, centered 1 mm temporal to the fovea. This protocol uses one horizontal line with a 7-mm scan length (934 A-scans), followed by 15 vertical lines with a 7-mm scan length and 0.5-mm interval (800 A-scans). The GCC thickness was measured from the internal limiting membrane to the inner plexiform layer boundary; mean, superior, and inferior GCC thicknesses were calculated. Based on the percent deviation map, two special pattern analysis parameters were provided. Global loss volume (GLV) is the integration of all negative deviation values normalized by the overall map area. Focal loss volume (FLV) is the integration of negative deviation values in the areas of significant focal loss. 19, 36 Map report displayed by GCC mode is shown in Figure 2B . 36 Image quality on the RTVue-100 OCT is determined by investigator's observation and the signal strength index (SSI) parameter. In the current study, only images with an SSI of more than 40 were used. Images also were excluded when overt misalignment of the surface detection algorithm occurred, or there was overt decentration of the measurement circle location.
Statistical Analysis
Correlation analysis between baseline characteristics (age, sex, central corneal thickness [CCT] , axial length, anterior chamber depth, and spherical equivalent) and BCVA revealed that logMAR BCVA was worse for older subjects and for subjects with a thinner central cornea. (Table 1 ). Therefore, correlations between multiple OCT parameters and BCVA were evaluated by Pearson's partial correlation analysis after adjusting by age and CCT. We also performed the subgroup analysis after dividing the participants into two groups according to their VF severity (early-to-moderate versus advanced).
The relationships between average RNFL/GCC thickness and BCVA were evaluated with linear and nonlinear (secondorder and third-order polynomial) regression analyses. The logMAR BCVA was treated as the dependent variable and average RNFL/GCC thickness as the independent variables in all regressions. Regression models were evaluated with the extra-sum-of square F test, which was used to test whether the alternative nonlinear model (second-order polynomial or thirdorder polynomial) fit the data better than the linear model. 6, 37 Locally weighted scatter plot smoothing (LOWESS) curves also were used to fit the relationship graphically. The LOWESS is a modeling method that combines the linear least squares regression with the nonlinear regression. 38 Finally, receiver operating characteristic (ROC) curve analysis was performed to obtain cutoff values for multiple OCT parameters for the discrimination of eyes with decreased visual acuity. Decreased visual acuity was arbitrarily defined as a BCVA of 20/30 or less, because visual acuity of 20/30 is a cutoff value for receiving a driver's license in Korea. Statistical analysis was performed using SPSS for Windows (version 12.0.0; SPSS, Inc., Chicago, IL, USA) and the MedCalc software statistical package software version 9.6.2.0 (MedCalc Software, Mariakerke, Belgium). P < 0.05 was considered statistically significant. 
RESULTS
During the enrollment period, a total of 261 eyes from 261 participants was examined. Of the eyes 45 were excluded because of poor OCT images due to low signal strength (<40 in RTVue OCT), while 30 were excluded because of improper OCT images due to scan decentration.
A total of 186 eyes of 186 patients was included in the final analysis. Glaucoma was categorized as early glaucoma (n ¼ 87), moderate glaucoma (n ¼ 39), or severe glaucoma (n ¼ 60), according to the modified Hodapp's classification. Table 2 summarizes participants' characteristics. The mean VF MDs in the early, moderate, and severe glaucoma groups were À3.26 6 1.49, À8.49 6 1.94, and À20.00 6 6.09 dB, respectively. In a pairwise comparison, the mean logMAR BCVA was significantly worse in the severe glaucoma group compared to early-tomoderate glaucoma groups, and there was no significant difference between early and moderate glaucoma group. A summary of OCT measurements of the participants are presented by disease severity in Table 3 .
The correlations between OCT parameters and BCVA were examined by Pearson's partial correlation adjusted for age and central corneal thickness. (Table 4 ) There were significant correlations between BCVA and the overall RNFL parameters. Among all RNFL parameters, average RNFL thickness (r ¼ À0.447, P < 0.001) showed the highest correlation with BCVA, followed by superior hemisphere (r ¼À0.440, P < 0.001), and the TU1 (67.58-908, r ¼À0.427, P < 0.001), TU2 (458-67.58, r ¼ À0.408, P < 0.001), and TL1 (908-112.58, r ¼À0.40, P < 0.001) sectors. There also were significant correlations between BCVA and overall GCC parameters. Global loss volume (r ¼ 0.417, P < 0.001) and average GCC thickness (r ¼ À0.410, P < 0.001) showed the highest correlation with BCVA among GCC parameters. All ONH parameters except for disc area showed significant correlations with BCVA.
In a subgroup analysis according to glaucoma severity (early-to-moderate versus severe), the strength of the correlations between BCVA and OCT parameters differed by disease severity (Table 5 ). In the early-to-moderate glaucoma group, the significant correlation between the BCVA and RNFL parameters was limited only to the ST1 sector (ST1, 08-22.58; r ¼ À0.205, P ¼ 0.031). However, in the severe glaucoma group, most RNFL parameters were significantly correlated with BCVA. Among all RNFL parameters, the coefficient of correlation was highest for average RNFL thickness (r ¼ À0.525, P < 0.001), followed by superior average thickness (r ¼À0.496, P < 0.001), and the TU1 (r ¼À0.486, P < 0.001) and TL1 (r ¼ À0.481, P < 0.001) sectors corresponding to the papillomacular bundle area. The relationship between BCVA and GCC parameters showed the similar tendencies. Although only GLV was correlated marginally with BCVA in the early-tomoderate glaucoma group, all GCC parameters were significantly correlated with BCVA in the severe glaucoma group. The relationships between average RNFL/GCC thickness and BCVA were evaluated by regression analysis (Table 6 ). When logMAR BCVA was plotted against average RNFL/GCC thickness, second-order polynomial models fit better than the linear model. The structure-function relationship was better explained with nonlinear models when BCVA was plotted against average RNFL thickness (P < 0.001). Nonlinear models also better explained the relationship between BCVA and average GCC thickness (P ¼ 0.002). Figure 3 shows the structure-function relationship between the average RNFL/ GCC thickness and logMAR BCVA, each line of the graph indicating linear, quadratic regression and LOWESS fit.
After defining decreased BCVA arbitrarily as a Snellen BCVA of 20/30 or less, the area under the ROC (AUROC) curve analysis was performed to assess the ability of variable OCT parameters to detect decreased BCVA. Table 7 shows the ROC curve areas with 95% confidence intervals (CIs). The AUROCs of the average RNFL thickness and average GCC thickness were 0.910 (95% CI, 0.856-0.965) and 0.874 (95% CI, 0.795-0.953), respectively. Among variable OCT parameters, the TL1 sector had the highest AUROC at 0.924 (95% CI, 0.867-0.981), 
DISCUSSION
Our study demonstrated that the relationship between logMAR BCVA and SD-OCT parameters in OAG patients was curvilinear, and significant correlations were noted only in eyes with severe disease status. Although sectoral analysis of the different regions of cpRNFL thickness showed that RNFL sectors corresponding to the papillomacular bundle area had the highest correlation with the BCVA, the global average cpRNFL thickness showed the highest correlation with BCVA rather than cpRNFL thickness at TU1, TL1 sectors, or GCC parameters. To our knowledge, this is the first study exploring the relationship between visual acuity and structural parameters measured by SD-OCT in glaucoma patients. Glaucoma generally is known to be a disease in which central visual acuity is relatively well-preserved until the late stages of the disease. Although visual acuity is a major concern for glaucoma patients, there has been limited data regarding visual acuity in glaucoma patients, because visual acuity is affected by numerous factors other than glaucoma. Especially glaucoma and cataracts are frequent causes of decreased visual acuity among the elderly, and these conditions often coexist. 39 To exclude the possibility that visual acuity is being decreased by other factors, we have applied strict criteria for patient selection. We included glaucoma patients without any other ocular diseases, especially vitreoretinal disease or macular abnormality, and excluded patients with cataract grade > N2 by LOCS classification.
In our study, we observed that the reduction of BCVA in glaucoma patients occurred in advanced disease state. In earlyto-moderate glaucoma, no patient had decreased visual acuity (BCVA of 20/30 or less). On the other hand, 25% (15/60) of advanced glaucoma patients had decreased visual acuity. This finding is consistent with previous studies in that superotemporal and inferotemporal sectors are the most commonly affected areas in glaucoma, and that RNFL thickness in the papillomacular bundle area usually is preserved until the late stage of glaucoma.
We found that significant correlations between BCVA and multiple SD-OCT parameters were limited only in advanced glaucoma patients. Structure-function relationships in glaucomatous eyes tend to be more significant in advanced stage, 6 because the strength of relationship always increases with the range of disease, and the range of disease actually is much greater in the ''severe'' band.
In plotting visual acuity against average RNFL/GCC thickness, second-order polynomial models better described the relationships when compared to linear models. The finding that nonlinear models better describe the structure-function relationship is understandable given that we are plotting a logarithmic measure (logMAR BCVA) against a linear measure (structural measures). Our results confirmed that VF changes are less apparent in the early stage of structural damage, and as the glaucoma damage becomes severe, structural parameters, such as cpRNFL thickness, reach a base level beyond which only VF declines. Previous studies reported that the relationship between decibel differential light sensitivity (DLS) and ganglion cell number is curvilinear, [40] [41] [42] and the investigators attributed it to the fact that the curvilinear relationship may be explained at least in part by the logarithmic scale. GarwayHeath et al. 29 reported that there is a curvilinear relationship between dB DLS and pattern electroretinogram (PERG) amplitude and neuroretinal rim area, and a linear relationship between 1/Lambert DLS and those parameters. They concluded that there is a continuous structure-function relationship, and that the impression of a functional reserve results from the logarithmic (dB) scaling of the VF. More recently, Redmond et al. 43 investigated the relationship between peripheral grating resolution acuity (PGRA) and RNFL thickness measured by OCT in healthy subjects and patients with early glaucoma. That study demonstrated that structure/function relationships are not significantly nonlinear, when measurements are expressed on a log-log scale. Certainly, the logarithmic scaling is not the only reason for a curvilinear relationship in the current study. According to the previous studies, which investigated the topography of ganglion cells in human retina and psychophysical localization of the human visual streak, [44] [45] [46] foveal resolution acuity is limited optically for visual stimulus in that spatial frequencies higher that the resolution limit of the retina do not get through the optics of the eye. So, the optics of the eye, not the ganglion cell receptive field spacing, might limit visual acuity until a lot of RGCs have gone. This might be one of the reasons for the curvilinear structure/function relationship in the current study.
Our results also demonstrated that visual acuity can be highly variable, even if patients have the same RNFL or GCC thickness. For example if average RNFL thickness is approximately 70 lm, then BCVA can range from better than 20/20 to 20/100 or worse. This variability has been reported in many studies correlating structure-function relationship in glaucoma patients. As various factors, including optical factors, can influence the central visual acuity, it is not possible to estimate central visual acuity from RNFL thickness or ganglion cell thickness measured by OCT alone. Further study is needed to evaluate the structure-visual acuity relationship considering those factors.
One of the most interesting points in this study was the result of sectoral analysis. The investigators expected RNFL thickness at the papillomacular bundle area and GCC parameters might have a better correlation with BCVA in glaucoma patients, because those parameters may be more effective to predict central involvement of VF. As expected, TL1 and TU1 sectors corresponding to the papillomacular bundle area showed the highest correlation among 16 RNFL sectors. However, among all SD-OCT parameters, the global average RNFL thickness revealed the highest correlation with the BCVA and GCC parameters were not superior to average RNFL thickness in predicting decreased BCVA. It usually is reported that the best way to evaluate the structure-function association in glaucoma is to compare local sensitivity to local structural measurement, maximizing the colocalization of the two measurements. The reason for disparity between our results and expectation might be explained by the difference in the range of multiple RTVue SD-OCT parameters, and the average measure generally is less noisy than any of the regions. Sectoral analysis actually leads to worse colocalization in that the fibers in a particular sector do not represent the functional region in question (the fovea), but a large arcuate section of the retina. Furthermore, the decrease in temporal cpRNFL thickness might not reflect a loss of RGC accurately because the temporal cpRNFL thickness generally is thinner than the superior or inferior cpRNFL and there exist anatomic variations, such as peripapillary atrophy, that can cause larger measurement errors in the temporal cpRNFL. We also speculated that artificial segmentation provided by RTVue SD-OCT (macular GCC scan or ONH scan) is different from real anatomic boundary determining visual acuity. Additional research is needed to answer this question.
A recent study by Na et al. 25 investigated that GCC thickness determined by RTVue SD-OCT showed a statistically significant structure-function association with macular VF and the strength of the association was greater than that of the macular cpRNFL thickness with macular VF in some areas. Another study by Shin et al. 24 reported that macular ganglion cell-inner plexiform layer (GCIPL) thickness values may provide more valuable information than temporal cpRNFL thickness values for understanding the structure-function relationships of the macular region in glaucoma patients. Our study is different from those studies in that we used logMAR BCVA as a functional outcome, in contrast those studies used more subdivided VF data. Visual acuity, as a functional outcome in the current study, might be more integrated and gross function compared to subdivided VF data. As we used transformed logMAR BCVA, this might not reflect the subtle change of function in glaucoma patients. Omodaka et al. 47 recently explored the relationship between BCVA and RNFL thickness using Stratus OCT, and found that the mid temporal (mT) sector representing the papillomacular bundle showed the highest correlation with BCVA. They suggested 39 lm of mT sector as a cut off value for decreased visual acuity (<20/ 20), which is lower than ours. This may be due to the fact that RNFL thickness measured by RTVue OCT has higher values than those by Stratus OCT, 48 and the profile of the study population was different.
We also calculated a cutoff value for the prediction of decreased visual acuity, defined as a Snellen BCVA of 20/30 or less. The RNFL parameters, including average thickness and RNFL sectors corresponding to the papillomacular area (TL1, TL2, TU1) ,showed the largest AUROC values among multiple OCT parameters, although no statistically significant difference was noted. These values may be useful in clinical practice.
There were several limitations in this study. The present study included glaucoma patients, not representing the full spectrum of glaucomatous damage, including suspected cases of glaucoma. The patients who were classified in the glaucoma suspect group might be too diverse, from patients who have a normal structure and function except a high IOP to patients who have a very early glaucomatous abnormality that is not yet reflected within the available diagnostic tests. This spectral diversity might inevitably weaken the structure-function relationship, we did not include a glaucoma suspect group in the present study. As we did not analyze the VF data of the subjects, further study is needed to evaluate the relationship between VF data and visual acuity. It is well known that VF examination using central 10-2 program provides more valuable information in the patients with central VF defect; correlation between visual acuity and subdivided VF data would give us a valuable information. We used the transformed logMAR BCVA derived from the Snellen chart, rather than the logMAR Early Treatment of Diabetes Retinopathy Study (ETDRS) chart, which is the gold standard for acuity measurement in research. The scale of the Snellen chart is not truly interval in nature and different numbers of letters on each line may lead to different legibility due to crowding effects. Considering that Snellen and logMAR charts have been shown to give very different acuity measurements, this transformed logMAR scale might not reflect the subtle change of visual acuity especially at the upper end (lower acuity). Furthermore, the RTVue OCT cannot offer more sectoral analysis of perimacular GCC, and we just analyzed limited data of GCC (average, superior, and inferior GCC thickness). If subdivided perimacular GCC data had been available, the results would be more meaningful.
In spite of these limitations, the current study is exploratory in nature and is the first study tokn evaluating the structurefunction relationship, treating central visual acuity as a main functional outcome, and combining it with multiple structural parameters measured by RTVue SD-OCT.
In conclusion, the relationship between central visual acuity and RTVue SD-OCT parameters in OAG patients was curvilinear, and significant correlations were noted only in severe glaucoma patients. Of all RTVue SD-OCT parameters, the global average cpRNFL thickness showed the highest correlation with BCVA rather than cpRNFL thickness at TU1, TL1 sectors or GCC parameters. Considering the wide variability of the structure-visual acuity relationship in glaucoma patients in the current study, it is not possible to estimate central visual acuity from SD-OCT data alone. Therefore, clinicians should take other clinical and demographic factors into account to predict the visual acuity in glaucoma patients when the disease progresses to the advanced stage.
